Usher syndrome (USH) is a genetically heterogeneous group of autosomal recessive deaf-blinding disorders. Pathophysiology leading to the blinding retinal degeneration in USH is uncertain. There is evidence for involvement of the photoreceptor cilium, photoreceptor synapse, the adjacent retinal pigment epithelium (RPE) cells, and the Crumbs protein complex, the latter implying developmental abnormalities in the retina. Testing hypotheses has been difficult in murine USH models because most do not show a retinal degeneration phenotype. We defined the retinal disease expression in vivo in human USH using optical imaging of the retina and visual function. In MYO7A (USH1B), results from young individuals or those at early stages indicated the photoreceptor was the first detectable site of disease. Later stages showed photoreceptor and RPE cell pathology. Mosaic retinas in Myo7a-deficient shaker1 mice supported the notion that the mutant photoreceptor phenotype was cell autonomous and not secondary to mutant RPE. Humans with PCDH15 (USH1F), USH2A or GPR98 (USH2C) had a similar retinal phenotype to MYO7A (USH1B). There was no evidence of photoreceptor synaptic dysfunction and no dysplastic phenotype as in CRB1 (Crumbs homologue1) retinopathy. The results point to the photoreceptor cell as the therapeutic target for USH treatment trials, such as MYO7A somatic gene replacement therapy.
INTRODUCTION
Usher syndrome (USH), an autosomal recessive deaf-blindness, was historically divided into three clinical types but more recently has emerged as a genetically heterogeneous disease group with at least 12 causative chromosomal loci. The diseasecausing genes encode proteins of different classes. Some of the proteins are thought to be integrated into a network (1) (2) (3) . Although functional evidence for such a network in the retina is lacking, it follows from this suggestion that a defect in any of the components of the USH network could lead to dysfunction in the entire complex with the result being sensorineural degeneration (1, 2) . It has been proposed that the pathophysiology in the retina may involve the photoreceptor ciliary apparatus or synapse or possibly both. One USH protein, MYO7A, has also been localized to both photoreceptor cilium and adjacent retinal pigment epithelium (RPE) cells (3) (4) (5) . Further, a link between the USH network and the Crumbs protein complex has been found recently and it was suggested that developmental aberrations in the retina might occur in USH (6, 7) .
Testing hypotheses about USH pathomechanisms in the mammalian retina has been difficult because most mouse models of human USH genotypes have not shown a retinal degeneration phenotype (3, 8) . We inquired in human USH about the primary sites of retinal disease expression using optical imaging and visual measurements. Evidence is presented for a common photoreceptor disease phenotype among USH genotypes and this phenotype does not include photoreceptor synaptic dysfunction or hallmarks of Crumbs-like developmental aberrations in the retina. The mutant photoreceptor phenotype in a shaker1 mouse model of MYO7A-USH1B was also clarified to be primary and not secondary to mutant RPE.
RESULTS

MYO7A leads to photoreceptor and then RPE disease in man
An en face view of the ocular fundus with infrared light is shown in a normal subject and an individual with USH1B due to MYO7A mutations ( Fig. 1A and B; Table 1 ). Compared with the normal appearance, the MYO7A-mutant fundus has greater visibility of the choroidal circulation and pigmentary aggregations. These findings, typical of late-stage retinal degenerations (9) , suggest depigmentation or loss of the RPE layer underlying the neural retina. Superimposed on the fundus views are cross-sectional optical images along the vertical meridian to illustrate the otherwise-transparent retinal laminar architecture. Topography of the light-sensitive photoreceptor cell layer is also remarkably different in the USH1B subject compared with normal ( Fig. 1A and B, insets). The photoreceptor layer (or outer nuclear layer, ONL) of the normal retina peaks centrally and declines with distance from the fovea with more gradually thinning in the superior retina. F6,P1 at age 41 retains only a central island of diminished ONL. The abnormal ONL and RPE layers are accompanied by severely reduced vision (data not shown).
Structural integrity of the ONL and RPE was quantified in optical cross-sections that spanned central and superior retina ( Fig. 1C-E) . Normal cross-sections show discernible laminae: there are cellular layers of low reflectivity and intervening higher reflectivity laminae representing synaptic and nerve fiber connections. Deep in the retina is a multi-peaked signal that can be subdivided into components representing photoreceptor inner and outer segments (PR IS/OS), RPE and anterior choroid (Fig. 1C) (10, 11) . MYO7A-mutant retinas in F7,P1 and F6,P2, at ages 44 and 46 respectively, differ from normal in that there is disturbed laminar architecture and increased backscatter signal originating deep to the RPE layer. The deep backscatter in these USH1B subjects corresponds qualitatively to the choroidal visibility secondary to RPE depigmentation from the en face fundus view of F6,P1 (Fig. 1B) .
Three structural parameters, two representing photoreceptors (ONL thickness and PR IS/OS) and one for RPE depigmentation, were measured at 4 mm in the superior retina in four MYO7A-mutant retinas with advanced vision loss ( Fig. 1D and E) . Representative reflectivity profiles at this locus show the photoreceptor and RPE parameters in a normal subject compared with F7,P1 at age 44 (Fig. 1D) . The USH1B profile has absence of the ONL and PR IS/OS signals; the RPE depigmentation parameter is also abnormal. Four late-stage MYO7A-mutant retinas were quantified for these parameters and all had severe photoreceptor loss and RPE structural abnormalities (Fig. 1E) .
To determine the site of earliest disease expression, we performed similar quantitative analyses in USH1B subjects at younger ages (Fig. 2) . Two siblings were studied in their first two decades of life. F1,P1, at age 6 years, had a large expanse of ONL which became undetectable at about 5 mm from the fovea. Both photoreceptor and RPE structural parameters were normal at the 4 mm superior locus. A sibling, F1,P2, studied at ages 8 and 15 years showed disease progression in this 7-year interval. The photoreceptor signal, which was measurable but abnormally reduced, became undetectable; RPE structural integrity, however, was maintained at both ages. In another USH1B family, longitudinal data of F2,P1 showed progression of the photoreceptor abnormality over an 8-year interval (from ages 17 to 25 years), but the RPE parameter was unchanged. These intra-and inter-familial and longitudinal data support the hypothesis that photoreceptor structural abnormalities antedate detectable RPE disturbance in USH1B.
Mutant PR phenotype in shaker1 mice is primary, not secondary to RPE defect None of the alleles of shaker1 mice undergo photoreceptor degeneration (3); however, there is an excessive accumulation of opsin in the photoreceptor connecting cilium and a retarded distal migration of the OS disc membranes (12) . These mutant phenotypes in the photoreceptors could result from a MYO7A deficiency in the photoreceptors, or, indirectly from a deficiency in the RPE. Immunolabeling of rodent retinas has shown that the vast majority of MYO7A resides in the RPE (4). Lack of MYO7A affects melanosome localization (13) , and results in a slowed degradation of ingested photoreceptor disc membranes by the RPE (14) . The second defect could feasibly feedback to slow down disc membrane renewal, and thus generate the photoreceptor phenotypes. We distinguished between these two hypotheses, by studying homozygous shaker1 4626SB mice (a null allele of Myo7a, which is on chromosome 7). Through bacterial artificial chromosome transgenesis, these mice expressed wild-type (WT) Myo7a from their X-chromosome. Tissues of the transgenic female shaker1 mice thus contain mosaics of MYO7A-null and MYO7A-positive cells due to X-inactivation of the X-chromosome with or without the Myo7a transgene, respectively (15) . In the retina, this mosaic pattern is evident by light microscopy of the melanosome distribution within different RPE cells (Fig. 3A) . Examination of mosaic retinas, immunogold labeled for opsin, showed that the abnormal accumulation of opsin in the photoreceptor-connecting cilium was independent of whether the overlying RPE cell was mutant or WT. Instead it correlated with the absence of MYO7A in the connecting cilium (Fig. 3B -D) , indicating that it arises directly from loss of MYO7A in the photoreceptors, and not indirectly as a result of mutant RPE.
PCDH15, USH2A and GPR98 also manifest photoreceptor before RPE disease Photoreceptor and RPE analyses were also performed in 14 individuals, representing 10 different molecularly defined families with three other USH genotypes ( Fig. 4 ; Table 1 ). As in the MYO7A-mutant retinas, measurements were made at 4 mm in the superior retina. An USH1F-PCDH15 patient had longitudinal measurements made between the ages of 10 and 20 years. For clinical perspective, there were stigmata of retinal degeneration (attenuated retinal vessels and peripheral pigmentary retinopathy) noted on all examinations during this decade. Photoreceptor and RPE parameters were normal at ages 10 and 14 years; at ages 17 and 20 years, however, there was loss of photoreceptor structure but no detectable RPE structural abnormality (Fig. 4A) . A spectrum of abnormalities was detected in 10 individuals with USH2A. Only one subject, F1,P1 at age 18, had normal photoreceptor and RPE OCT (optical coherence tomography)-based parameters; clinically, there were signs of degenerative change further in the peripheral retina. Four USH2A subjects showed photoreceptor losses but a normal RPE parameter; and the remaining five subjects had both photoreceptor and RPE abnormalities (Fig. 4B) . Two of three siblings from a family with USH2C-GPR98 had an abnormal photoreceptor layer without detectable RPE disease while the third had both photoreceptor and RPE structural defects (Fig. 4C ). All members of the USH2C-GPR98 family had clinically evident retinal degeneration peripheral to the measurement site at 4 mm. The comparative quantitative analyses of photoreceptor and RPE structural changes in different USH genotypes indicate a shared mechanism of photoreceptor disease preceding RPE abnormality. We summarized the association between ONL thickness and RPE depigmentation at the superior retinal locus in all USH genotypes (Fig. 4D) . All genotypes had individuals with normal photoreceptor layer and RPE, abnormally reduced photoreceptor and normal RPE, or abnormalities in both of the OCT-based parameters. There were no examples of RPE abnormalities with normal ONL thickness. Longitudinal data in a subset of individuals followed the suggested sequence of photoreceptor loss preceding RPE abnormality. The generalizability of the observation was tested at a temporal retinal locus in the same subjects and the results were similar (data not shown).
No evidence in human USH for photoreceptor synaptic dysfunction or a Crumbs homologue1 (CRB1)-like retinal dysplasia
Localization of USH proteins in the synaptic regions of photoreceptor cells has led to the hypothesis that there may be a role of the USH protein network in photoreceptor synaptic function (7, 16) . Defective synaptic transmission from photoreceptors to second-order neurons would be predicted to manifest as disproportionately preserved photoreceptor layer thickness for the amount of visual dysfunction. We tested the hypothesis about synaptic abnormality in USH by studying the relationship between ONL structure and visual function at two locations with normally high photoreceptor densities (17) . Comparisons were made with normal subjects, a primary photoreceptor retinal degeneration and congenital stationary night blinding (CSNB) diseases with known defective photoreceptor synaptic transmission ( Fig. 5A  and B) .
Normal ONL thickness at the superior retinal locus averages 56 mm (SD ¼ 6 mm; n ¼ 14; age ¼ 19 -56 years). In the photoreceptor degeneration due to mutations in the rhodopsin gene (18, 19) , thinning of the ONL is related predictably to dark-adapted vision loss over a 5 log unit range from normal to severely abnormal (Fig. 5A) (20) . This relationship in pure photoreceptor degenerations is based on an idealized model where loss of function is proportional to the square of ONL thinning (20) . The relationship of function and structure in all subjects with USH genotypes also followed the idealized model expected from photoreceptor degenerations (20) . As positive controls, data are also plotted for three individuals with CSNB where the structure -function relationship does not conform to the idealized model. Two CSNB1 subjects with mutations in the NYX gene (Table 1) encoding nyctalopin, a protein known to be associated with photoreceptor synapses (21), had reductions in dark-adapted sensitivity but relatively preserved ONL thickness. A subject with CSNB2 due to a mutation in CACNA1F gene (Table 1) , which encodes for the a 1F subunit of the Ca v 1.4 voltage-dependent calcium channel, has only about 1 log unit of dark-adapted vision disturbance but more ONL than anticipated from the other disease relationships measured. Generalizability of these results was tested at a temporal retinal locus and the findings were as in the superior retina (Fig. 5B) . Among the USH subjects examined, there were no examples of negative electroretinograms, waveforms traditionally associated with synaptic transmission abnormalities (such as in CSNB1 and CSNB2) between photoreceptors and the inner retina (22) .
A link between the USH and the Crumbs protein networks was recently described (6) . There were interaction, colocalization and coexpression patterns leading to the suggestion of an Electron micrograph of the connecting cilium (CC) and basal outer segment (OS) discs of a PR in a mosaic retina. The section was double-labeled with opsin antibodies (identified by goat anti-mouse (GAM) IgG, conjugated to 5 nm gold particles) and MYO7A antibodies (identified by goat anti-rabbit IgG, conjugated to 10 nm gold particles). The presence of MYO7A indicates that this PR cell expressed the Myo7a transgene. The PR was adjacent to a mutant RPE cell (data not shown). The scarcity of opsin label in the CC (only two 5 nm particles are evident, indicated by arrowheads) is consistent with a WT phenotype. (C) Electron micrograph of the CC and basal OS discs of a PR in a Myo7a-null retina. The section was labeled with opsin antibodies (identified by GAM IgG, conjugated to 10 nm gold particles). In the absence of MYO7A, the CC contains significant opsin label, as shown previously (12) . Scale bars in B and C ¼ 100 nm. (D) Bar graph showing opsin immunogold particle density measured in the PR connecting cilia of (from left to right): WT retinas; MYO7A-null retinas; three different mosaic retinas, with counts separated for photoreceptors interfacing with normal RPE (WT; shaded bars) and those interfacing with mutant RPE (Mu; filled bars), as determined by the distribution of the melanosomes (13) . These data indicate that the genotype of the RPE cell has no significant effect on the quantity of opsin label in the connecting cilia. The last two bars show opsin immunogold particle density according to whether a given CC was also labeled with MYO7A antibodies. The PR cilia that were labeled with MYO7A antibodies (Pr WT) showed opsin labeling that was similar to that in WT retinas (e.g. panel B), whereas the cilia that were not labeled with MYO7A antibodies (Pr Mu) had opsin labeling that was more comparable with that in MYO7A-null retinas. A minimum of 20 PR cells was counted in each retina. Data for the first two and last two bars were obtained from three animals of each genotype. Error bars indicate +SEM. Student t-test analysis showed no significant difference between counts for photoreceptors interfacing with normal RPE and those interfacing with mutant RPE in mosaic retinas. There was also no significant difference between photoreceptors in WT retinas and MYO7A-labeled photoreceptors in mosaic retinas; and between photoreceptors in MYO7A-null retinas and photoreceptors that were not labeled with MYO7A antibodies in mosaic retinas.
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Human Molecular Genetics, 2008, Vol. 17, No. 15 important role of the two networks in retinal development, such as apical -basal polarity and patterning of the retina. It was postulated that these developmental processes might be disrupted in inherited disorders associated with defects in the networks. The only human retinal disease with a Crumbs defect is the early-onset recessive disease caused by mutations in the CRB1 gene (11) . The disease is characterized by retinal laminar disruption and severe visual disturbances (Fig. 5B) . None of the USH genotypes showed a retinopathy that resembled the dysplastic and thickened retina, which is a feature of CRB1 disease (Fig. 5B) .
DISCUSSION
Auditory and vestibular criteria led to early clinical subtyping of USH (reviewed in 23,24) and these subtypes were then studied for differences in severity of the associated eye disease (25 -29) . Such approaches were helpful in the clinic for counseling purposes; and, in the molecular laboratory, subtyping led to progress in linkage analyses and eventual gene identification. Following the discovery phase of many USH genes, it was recognized that the encoded proteins are diverse in class and function, but at least in heterologous systems, interactions among many of the proteins could result in an integrated protein network. These observations have prompted hypotheses about the pathophysiology of the sensorineural degenerations (1, 3, 7, 16) . The lack of murine models with retinal degeneration for most USH genotypes puts an onus on human studies to explore pathological mechanisms in the retina (3, 8) .
We inquired whether there were differences in human USH retinal disease expression in different genotypes and whether the expression would be consistent with primary photoreceptor cell death (3), with photoreceptor synaptic dysfunction (16), or with abnormal retinal development (6) . USH1B from MYO7A mutations, the most common molecular form of USH type 1, was investigated first because there are two proposed cellular sites of retinal disease -photoreceptors and RPE. MYO7A is the only USH protein in the RPE (3). Recent progress toward somatic gene therapy in USH1B has made it important to know the target cell type (3). A gene replacement strategy has been used to correct defects in vitro and by subretinal injection in shaker1 mice (30) . A large body of scientific work in the Myo7a-deficient shaker1 mouse retina has identified and characterized an RPE transport defect of phagosomes and melanosomes (3, 5, 12, 13, 30, 31) . Yet, there is also a minor presence of MYO7A in the photoreceptor ciliary region (5), a subcellular site where other USH proteins of the network are thought to cause disease effects (1, 3, 8) . The present results in young humans with USH1B from MYO7A mutations support the concept that the site of disease action is the photoreceptor. Of interest, the pattern of photoreceptor layer thickness loss preceding an RPE structural defect has recently been illustrated using optical imaging in patients with the primary photoreceptor degeneration due to mutations in the rhodopsin gene (Fig. 3A in Ref. 32) .
A primary RPE defect due to MYO7A mutation cannot be excluded by our non-invasive studies and could theoretically be additive to a photoreceptor abnormality causing acceleration of the time course of retinal degeneration. Quantitative immunogold labeling of human and mouse retinas has shown that the distribution of MYO7A, in terms of organelle association and relative apical -basal distribution, is similar in human and mouse RPE (33) , suggesting comparable MYO7A function in the human and mouse RPE. Studies of shaker1 mice with mosaic retinas indicated that the mutant photoreceptor phenotype was independent of whether the adjacent RPE cell was mutant or WT, thus supporting the concept of a primary rather than secondary photoreceptor disease in human USH1B-MYO7A. Nevertheless, because the retinas of shaker1 mice do not degenerate (3), we cannot test whether the RPE or the photoreceptor phenotype is the harbinger of photoreceptor cell death.
Other USH genotypes also showed the same phenotypic pattern as found in USH1B-MYO7A. This suggests uniformity of retinopathy as it relates to primary cell of disease origin in this molecularly heterogeneous group of disorders. These human results, especially those in the USH2A genotype, are also consistent with the conclusions drawn from usherin-null mice that the disease manifests as a photoreceptor degeneration (8) . There was no evidence for synaptic dysfunction, as occurs in retinopathies that specifically affect the photoreceptor synapse (21, 34, 35) . The dramatic retinal dysplasia that we previously characterized in CRB1 mutations and attributed to developmental abnormalities (11) was not present in any of the USH genotypes. The lack of a dysplastic phenotype in USH, however, does not exclude a common molecular network (6). (A) Relationship between PR nuclear layer structure [outer nuclear layer (ONL) thickness] and visual function (dark-adapted sensitivity, 500 nm) at superior (left) and temporal (right) retinal loci (insets at upper right: loci, filled circle; fovea, cross). USH genotypes (filled symbols) are compared with CSNB (congenital stationary night blinding) genotypes (unfilled symbols with 'plus'), diseases that compromise synaptic transmission from PRs to second-order neurons. Data from 11 individuals with adRP Class B rhodopsin mutations are also shown (gray circles) (18, 19) . Normal variability is described by ellipses encircling the 95% confidence interval of a bivariate Gaussian distribution. Dashed lines indicate the idealized model of the relationship between structure and function in pure PR degenerations and the region of uncertainty that results by translating the normal variability along the idealized model (20) . (B) Crosssectional OCT (optical coherence tomography) scans along the horizontal meridian (upper) and en face infrared reflectance images (lower) for a normal subject (top left), a subject with a CRB1 mutation (top right), and subjects with MYO7A or USH2A mutations (bottom row). Highlighted are ONL (blue) and inner/outer segment (IS/OS) layer (yellow). Dashed white lines on scans indicate mean normal thickness (n ¼ 27). The dysplastic and thickened CRB1-mutant retina is in contrast to the thinned retinas in USH genotypes.
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An underlying shared pathomechanism as the root cause for the shared retinal phenotype remains the most parsimonious hypothesis to explain the results in the different USH genotypes. The details of USH molecular pathogenesis will be complex and, at a subcellular level, there may be very different mechanisms leading to the same cell death pathway. Current knowledge of USH protein localization suggests that dysfunction in the region of the photoreceptor connecting cilium may be the preapoptotic event (1,3) . Slowing or disruption of the unidirectional or bidirectional transport of molecules through the cilium that connects the photosensitive OS to the cell body would be expected to have major functional and structural consequences on these fragile and metabolically hyperactive neurons (36, 37) . The many events resulting from impaired ciliary transport that could initiate the cell death pathway include mislocalization of molecules to the IS compartment, misrouting of phototransduction proteins including opsin (38, 39) , and defective OS membrane formation with perturbation of the rate of renewal mechanisms (36) . The USH disease group has been discussed as one of the ciliopathies associated with retinal degeneration and it will be important to determine if there is commonality of retinal phenotype between USH and these other diseases, such as the Bardet-Biedl syndrome and RPGR/RPGRIP1 retinopathies. Cell and molecular biological studies are obviously required to elucidate details of the interplay between USH network molecules and between USH and other protein networks involving the cilium (1, 3, 40) .
METHODS
Human subjects
Twenty-four patients (ages 6 -61 years) with known USH genotypes were included (Table 1 ). Also included were three patients with CSNB, one patient with LCA8, 11 patients with adRP caused by rhodopsin mutations and normal subjects. Informed consent was obtained; procedures followed the Declaration of Helsinki and had institutional review board approval.
In vivo microscopy of human retina
Cross-sectional images of the retina were obtained with commercially available OCT instruments (OCT1 and OCT3; Carl Zeiss Meditec, Dublin, CA, USA). Overlapping 4.5 mm-length scans were used to study a 9 mm extent along the vertical and horizontal meridia through the fovea. Each scan, formed by a series of longitudinal reflectivity profiles, was analyzed with custom-developed software (MatLab ver. 6.5; The Math Works, Natick, MA, USA) and published methods (10, 11) . The PR ONL was defined as published (11, 20, 41, 42) . Topographical analysis of the ONL was performed and analyzed as described (41) . The axial extent of propagation of the near infrared (INR) illumination light of OCT was estimated from the normalized partial integral of the backscattering signal over retinal depth from the RPE signal peak toward the scleral direction (42) . The partial integral was divided by the signal intensity at the RPE peak in order to normalize for the pre-RPE attenuation of the light intensity. We refer to the resulting measure as sub-RPE backscattering index (sRBI). Under the simplifying assumption of dominant backscattering and absorption of the NIR illumination occurring at or near the normal RPE, sRBI may be expected to be proportional to the amount of NIR illumination reaching choroidal layers. This expectation is consistent with experimental results in animals with varying RPE and choroidal pigmentation and in patients with molecularly defined choroideremia and depigmentation of the RPE (42) .
Visual function
Psychophysical thresholds were measured (1.78 diameter, 200 ms duration stimuli spaced at 28 intervals) in the same retinal regions as the OCT scans. Rod function was determined using two-color dark-adapted perimetry (500, 650 nm stimuli). Long/middle wavelength cone function was determined with 650 nm stimuli in the dark-adapted state (and compared with normal data determined during the cone plateau phase of dark adaptation) and under light-adapted (600 nm) conditions. Details of the techniques and analysis methods have been published (41 -44) .
Microscopy of mouse retinas
Studies conformed to UK Home Office regulations, the Association for Research in Vision and Ophthalmology Statement for Use of Animals in Ophthalmic and Vision Research and had institutional approval. Mice were genotyped as described previously (15) . Eyes were fixed in 0.1% glutaraldehyde, 2-3% paraformaldehyde in 0.1 M phosphate buffer, and processed for embedment in LR White resin. Semithin sections along the dorso-ventral axis of the retinas were stained with toluidine blue for light microscopy, and ultrathin sections were immunogold labeled with opsin and MYO7A antibodies. Double immunogold labeling was performed as described previously (45) , using the same rabbit-generated MYO7A antibody, but a different opsin mouse monoclonal antibody, mAb1D4. Photoreceptor and RPE cells within 2 mm of the optic nerve head were examined, so that data were obtained from all cells in the dorsoventral axis, except the most peripheral ones. Opsin immunogold labeling in the CC was quantified in sections containing negligible background label by counting particles along a 1 mm length of the axoneme, as described (13 
